In this paper, an on-line control strategy that aims to guarantee the maintenance of a minimum dissolved oxygen (DO) concentration during aerobic fed-batch fermentations is proposed. It is a difficult task to maintain the DO concentration, especially during fed-batch fermentation, due to strongly nonlinear, variable conditions and probe dynamics. The algorithm uses information contained in the slope of the profile of the DO, as this evolves in a timely way to adapt to process variations. Moving window technology was used to track the DO tendency variation. This method was tested in Corynebacterium glutamicum and Pichia pastoris fermentations. The performance of tendency control was compared with that of manual control. The experimental results clearly show that the on-line tendency control of DO is effective and can also reduce the frequency of activity of the controller as well as the manpower burden.
Introduction
Biotechnologies have been extensively utilized in the production of agricultural products, fine chemicals, pharmaceutical products, food processing products, and several other chemical compounds over the last few years. A considerable number of these production processes are aerobic in nature, in which oxygen is necessary for microorganismal growth, maintenance, and product synthesis [1] [2] [3] .
During fed-batch mode, which is the most popular mode for the operation of fermentation processes, the substrate is gradually fed into the bioreactor. Although fed-batch mode is commonly preferred because it is superior at avoiding overfeeding or underfeeding of the substrate, which can inhibit microbial growth and product formation, fed-batch bioprocesses are very difficult to control due to the lack of precise models describing cellular growth, product formation, the nonlinear behaviour of the fermentation process, and the slow process response, as well as the lack of reliable on-line sensors for the quantification of key process variables [2, 4] .
Microbial population dynamics in bioreactors depend on both nutrients availability and changes in the growth environment. In aerobic fermentation processes, the dissolved oxygen (DO) concentration is one of the most important operating parameters. The measurement and accurate control of the DO concentration is conducive to the calculation of the volumetric oxygen transfer coefficient (K L a), and it is also very important for the understanding of fermentation processes [5, 6] . As oxygen deficiency will lead to either cessation of aerobic growth or a decrease in the efficiency of metabolism, as well as the production of undesirable by-products, maintaining a constant DO concentration in the growth medium is required for aerobic fermentation. In addition, the DO concentration must increase as the consumption of oxygen increases to maintain the desired level of biomass concentration and the specific growth rate [7] . Unfortunately, due to its low solubility in water, oxygen is the most limiting substrate for bacteria during fermentation and, as a result, it must be provided continuously [1, 8] . Therefore, it is a difficult task to control the DO concentration, especially during fed-batch fermentation, due to strongly nonlinear, variable conditions and probe dynamics [5, 9] .
There are three methods that are generally used to control the DO concentration during a fermentation process. One of the most frequently employed methods is the manipulation of the agitation speed to improve mass transfer. The second method involves adjustment of the aeration rate, and the third method is based on altering the partial pressure of oxygen in the gas phase [8, 10, 11] . Nevertheless, increasing the oxygen partial pressure of the inlet gas is often unfeasible, as it requires either the addition of pure oxygen, which is expensive compared to using pure air, or increase of the total pressure, which increases strain on the fermentor [7] . In the last decade, a number of methods of DO control have been developed for use in fermentation processes and reported in the literature. Ertunc et al. developed a self-tuning generalized minimum variance algorithm, the performance of which was compared to that of conventional PID (Proportion Integration Differentiation) control during a fermentation process that utilized Saccharomyces cerevisiae NRRL Y-567 [5] . Johnsson et al. proposed a modified mid-ranging strategy in an industrial bioprocess that was used to control the DO level by manipulating the aeration rate and agitator speed [7] . In a study by Jin et al., a combinational induction strategy utilizing low induction temperature and high dissolved oxygen concentration was employed for porcine interferon-α production using recombinant Pichia pastoris; the aeration and agitation rates were modified by manual adjustment [12] .
In fed-batch fermentation processes, it is difficult to maintain the dissolved oxygen concentration precisely at a given set point because various factors, such as air composition and the substrate feed rate, influence its real value; both PID and manual control have been previously used to control the level of DO, but the range in which the DO concentration can be maintained is fairly wide. In addition, the poor performance of PID control can be attributed to the large variations in DO that occur during fed-batch fermentation. This difficulty can be dealt with by maintaining the oxygen concentration at a high enough set point that oxygen limitation does not occur in the presence of these large variations. Generally, the objective is not to allow the DO level to drop below a critical limit where the quality of the fermentation product is affected. As any deviation from the desired set point for DO could lead to a decrease in the product quality, which provides a strong incentive to automate the maintenance of DO levels [13, 14] . In addition, the inherent characteristics of a large time delay and the resulting stochastic disturbances in the fed-batch process will cause the controller to have high activity and levels of DO to oscillate abruptly near the set point, which will reduce the life of the control equipment as a result of oscillations in DO. The aim of this study is to propose a simple oxygen control approach that uses automated supervision of operation instead of manual operation to limit the risk of oxygen limitation during the fermentation process. This approach is demonstrated using cultures of Corynebacterium glutamicum and recombinant Pichia pastoris, but can easily be adapted for use with other fermentation processes.
Materials and Methods

Corynebacterium Glutamicum Fermentation
Fermentation Conditions
C. glutamicum S9114 was used. The protocols used, including the seed microorganisms and media, were as described in a previous study [15] .
The composition of the media and the fermentation conditions were identical to those previously described [15] [16] [17] . C. glutamicum S9114 was cultured for glutamate production at 32 • C in a 5 L fermentor (BIOTECH-5BG, Baoxing Biotech Equipment Co., Shanghai, China). The substrate concentration was maintained at or above a suitable level (15 g/L) by feeding 50% (w/w) glucose (initial volume of 3.4 L) throughout the fermentation period. The pH was maintained at 7.1 ± 0.1 by automatic addition of ammonia in water (25%, w/w), which also provided the nitrogen source for glutamate synthesis. The DO was maintained at various levels via manual or automatic control of the agitation speed based on specific requirements. The fermentor pressure was maintained at 0.07 MPa with an aeration rate of 1.60 vvm.
Analytical Methods
The concentrations of glutamate and cells were measured as previously described [17] . The O 2 and CO 2 concentrations in the exhaust gas were measured with a gas analyser (LKM2000A, Lokas Co., Korea); DO was continuously monitored by a sterilizable polarographic electrode (Mettler-Toledo), the DO electrode was calibrated by a zero-point fixed technology; the CO 2 evolution rate (CER) and O 2 uptake rate (OUR) were calculated accordingly.
Pichia pastoris Fermentation
Microorganism and Fermentation Conditions
The expression plasmid pPICZ-αIFN was constructed by the ligation of the pINF-α gene into pPICZα (Invitrogen, Carlsbad, CA, USA) downstream of the promoter (AOX1). pPICZ-αIFN was linearly integrated into the chromosomal DNA of the host P. pastoris KM71 (Muts his-, PAOXII, Invitrogen, Carlsbad, CA, USA) prior to transformation. P. pastoris KM71 was obtained from the Animal Husbandry and Veterinary Research Institute, Shanghai Academy of Agricultural Science, China and was used for pIFN-α gene expression.
The seed medium contained peptone (20 g/L), glucose (20 g/L), yeast extract (10 g/L), and PTM1 (10 mL/L). The batch medium used in the jar fermentor (pH 6.0) contained MgSO 4 (1 g/L), glycerol (20 g/L), K 2 SO 4 (1 g/L), CaSO 4 (0.1 g/L), H 3 PO 4 (2%, v/v), (NH 4 ) 2 SO 4 (5 g/L), and PTM1 (10 mL/L). The feeding medium (pH 6.0) contained (NH 4 ) 2 SO 4 (0.5 g/L), glycerol (500 g/L), MgSO 4 (0.03 g/L), KH 2 PO 4 (0.5 g/L), and PTM1 (10 mL/L). The methanol induction medium (pH 5.5) contained (NH 4 ) 2 SO 4 (0.5 g/L), methanol (500 g/L), MgSO 4 (0.03 g/L), KH 2 PO 4 (0.5 g/L), and PTM1 (10 mL/L) [18, 19] .
Analytical Methods
The fed-batch cultivation was conducted in a 10 L fermentor (GUJS-10, Zhenjiang East Biotech Equipment Co., Zhenjiang, China) equipped with on-line DO/pH measurement instrumentation. The DO concentration was maintained above 10% by a manual step-wise increase in agitation. The cell cultivation and pIFN-α induction methods were conducted as described in a previous study [18] .
DO Control Model
DO Tendency Control Model
The model used in this method is described by the equation
where Y t is the DO, b is the slope, which indicates the present tendency variation of DO over the time of fermentation (t), a is the intercept, t is the time, where the initial time is defined as minute 1, and ε t represents the random errors [20] . After determining the average per minute values, the coefficients are calculated using least squares regression. Therefore, the estimates of the slope and intercept are described by:
where Y and t are the arithmetical means of Y i and t i , respectively.
DO Control Algorithm
During the initial growth phase, as the oxygen demand increased due to the gradual increase in biomass concentration, the DO rapidly decreased. The following parameters were assumed: DO tendency variation is b, the DO set point is DO set , the DO measured value is DO measured , and the dead zone width of the actuator is W dead-zone , also known as dead band, the region of insensitivity of a actuator. If b < 0 and DO set − DO measured > W dead-zone , the DO concentration was monitored with a DO probe and maintained at a set point by increasing the airflow rate and, subsequently, the stirrer speed. The DO control and fermentation data recording interval for DO-Stat ('traditional' or improved) was set to 1 min. Once the substrate was depleted, the DO level began to rise; if b > 0 and DO set − DO measured < −W dead-zone , substrate was fed to the fermentor via a peristaltic pump controlled using a DO-Stat ('traditional' or improved) method. The DO level decreased once again as recoverable cell metabolism, and biosynthesis of the fermentation product increased after the substrate was supplied. Figure 1 illustrates the algorithm used as part of the DO tendency control strategy [21] .
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During the initial growth phase, as the oxygen demand increased due to the gradual increase in biomass concentration, the DO rapidly decreased. The following parameters were assumed: DO tendency variation is b, the DO set point is DOset, the DO measured value is DOmeasured, and the dead zone width of the actuator is Wdead-zone, also known as dead band, the region of insensitivity of a actuator. If b < 0 and DOset − DOmeasured > Wdead-zone, the DO concentration was monitored with a DO probe and maintained at a set point by increasing the airflow rate and, subsequently, the stirrer speed. The DO control and fermentation data recording interval for DO-Stat ('traditional' or improved) was set to 1 min. Once the substrate was depleted, the DO level began to rise; if b > 0 and DOset − DOmeasured < −Wdead-zone, substrate was fed to the fermentor via a peristaltic pump controlled using a DO-Stat ('traditional' or improved) method. The DO level decreased once again as recoverable cell metabolism, and biosynthesis of the fermentation product increased after the substrate was supplied. Figure 1 illustrates the algorithm used as part of the DO tendency control strategy [21] . As the fermentation process continued, the characteristics of the biochemical dynamics changed significantly over time; moving window (MW) technology was used to track the variation tendency of the DO. It was necessary to add the newest data and discard the old data as the DO level changed; in fact, the selection of the window length was one of the most challenging aspects of DO control. Sufficient information could be included to determine the actual trend in the change of DO levels by setting an appropriate window size; a suitable window length ensured that the sampling data reflected the process dynamics. If the window size was too large, the automated control of DO lagged. If window size is too small, the DO variation trend was disturbed by noise in the data caused by the fermentation process. Subsequently, the data window was updated by inserting the current data point and dropping the oldest value, which enabled the DO control algorithm to adapt to variations in the fermentation process [22] [23] [24] . For different fermentation processes, the window size was set to different values, which were determined by trial-and-error.
Because of stochastic disturbances occurring during the fermentation process, the DO values obtained for each time point were unreliable because they were outside the desired range. In addition, this caused the controller to have high activity, which may damage the control equipment. At the same time, the DO level fluctuated dramatically around the set point. This challenge could be overcome by utilizing the measurement of DO within a moving window over time; the stirrer speed was intermittently adjusted in accordance with the DO variation tendency that was determined based on the current data window, rather than every data point [25] . Figure 2 shows the control structure used for DO during Corynebacterium glutamicum fermentation. The window size was set to 5 min, with five data points. The DO was maintained at or above 10% of air-saturation; its low limit was set to 9%.
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As the fermentation process continued, the characteristics of the biochemical dynamics changed significantly over time; moving window (MW) technology was used to track the variation tendency of the DO. It was necessary to add the newest data and discard the old data as the DO level changed; in fact, the selection of the window length was one of the most challenging aspects of DO control. Sufficient information could be included to determine the actual trend in the change of DO levels by setting an appropriate window size; a suitable window length ensured that the sampling data reflected the process dynamics. If the window size was too large, the automated control of DO lagged. If window size is too small, the DO variation trend was disturbed by noise in the data caused by the fermentation process. Subsequently, the data window was updated by inserting the current data point and dropping the oldest value, which enabled the DO control algorithm to adapt to variations in the fermentation process [22] [23] [24] . For different fermentation processes, the window size was set to different values, which were determined by trial-and-error.
Because of stochastic disturbances occurring during the fermentation process, the DO values obtained for each time point were unreliable because they were outside the desired range. In addition, this caused the controller to have high activity, which may damage the control equipment. At the same time, the DO level fluctuated dramatically around the set point. This challenge could be overcome by utilizing the measurement of DO within a moving window over time; the stirrer speed was intermittently adjusted in accordance with the DO variation tendency that was determined based on the current data window, rather than every data point [25] . Figure 2 shows the control structure used for DO during Corynebacterium glutamicum fermentation. The window size was set to 5 min, with five data points. The DO was maintained at or above 10% of air-saturation; its low limit was set to 9%. The control structure used for DO during Pichia pastoris fermentation is shown in Figure 3 . As it utilizes a longer DO control cycle, the window size was set to 30 min, with 30 data points. The DO was maintained at or above 10%.
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Results and Discussion
Tendency control strategies for DO were tested during fermentation with C. glutamicum and P. pastoris. These experiments demonstrated the effectiveness of the tendency control method during real fermentation processes. During C. glutamicum fermentation, the DO was maintained at or above 10%, and the low limit was set at 9%; during the second fermentation, the DO was maintained at or above 10%.
Performance during C. glutamicum Fermentation
The time profile of cell/glutamate concentrations, substrate concentration, and stirrer speed, as well as DO are depicted in Figure 4 . 
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Performance during C. glutamicum Fermentation
The time profile of cell/glutamate concentrations, substrate concentration, and stirrer speed, as well as DO are depicted in Figure 4 . Glutamate production is a typical non-growth associated fermentation process. During growth phase (0-10 h), cells grows exponentially and glutamate production does not occur. In production phase (10-32/34 h), glutamate extensively accumulates and cell growth ceases [17] .
As can be seen from Figure 4 , DO concentration started decreasing after about 2-3 h of fermentation and reached close to zero during the cell growth phase. The fall of DO in fermentation broths was due to the high demand for substrate utilization during the exponential phase of the organism, and the subsequent increase was due to lower demand. The gradual increase in the stirrer speed to a maximum (up to around 900 rpm) at about 400 min reflected this characteristic. Additionally, the agitation speed was chosen to render a proper mixing while avoiding excessive shear forces that may have caused cell rupture [26] . After crossing the maximum, the stirrer speed gradually decreased to about 550 rpm at 32 h, in the latter part of the fermentation process. Furthermore, as Figure 4D shows, two DO values were very high, this is because the substrate was depleted and the DO concentration began to rise sharply. DO in the broth was the result of a balance of its consumption rate in the cells and the rate of oxygen transfer from the gas to the liquid phase.
DO Tendency Control in Cell Growth Phase
The tendency control method was applied to maintenance of DO levels in the cell growth phase during C. glutamicum fed-batch fermentation. The results are shown in Figure 5 and Table 1 . Glutamate production is a typical non-growth associated fermentation process. During growth phase (0-10 h), cells grows exponentially and glutamate production does not occur. In production phase (10-32/34 h), glutamate extensively accumulates and cell growth ceases [17] .
The tendency control method was applied to maintenance of DO levels in the cell growth phase during C. glutamicum fed-batch fermentation. The results are shown in Figure 5 and Table 1 . Table 1 . Action times of actuator for different methods.
Different Methods
From 0 to 45 min
Manual control 27 times Tendency control 3 times
For the purposes of comparison, the results of the DO manual control experiments, which were carried out with step-wise manual increase or decrease of agitation, are also depicted in these figures. As shown in Figure 5B , the stirrer speed was gradually increased from 255 rpm at 1 min to 284 rpm at 45 min. During the growth phase, large amounts of oxygen were often required for substrate utilization. As seen in Figure 5A , the range of DO concentrations was fairly large. The actuator was frequently under action during manual control of DO; in contrast, the actuator was much less active when the tendency control method was used. From 0 to 45 min, the actuator acted only three times. Furthermore, a negative DO tendency variation was a precondition for the initialization of tendency control. Although the actual values for DO were 8.2% at 5 min, 8.9% at 17 min, and 8.6% at 34 min, all of which were less than the DO low limit of 9%, and the average value was greater than 10%. In addition, due to negligence, the manual controller failed to increase the stirrer speed at 34 min in a timely fashion, which caused a decrease in DO to 7.3% at 35 min; however, during the DO tendency control experiments there were no such issues.
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DO Tendency Control in Production Phase
The tendency control method was applied to maintenance of DO levels in production phase during C. glutamicum fed-batch fermentation, the results are shown in Figure 6 and Table 2 . As shown in Figure 6B , the stirrer speed was gradually decreased from 646 rpm at 1565 min to 625 rpm at 1609 min. As shown in Figure 4E , after crossing the maximum, the stirrer speed gradually decreased in the latter part of the fermentation process. This case may be due to decrease of oxygen requirements in the production phase. As seen in Figure 6 , the range of DO concentrations was fairly large. The actuator was frequently under action during manual control of DO; in contrast, the actuator was much less active when the tendency control method was used. From 1565 to 1609 min, the actuator acted only 2 times. Furthermore, b > 0.8 and all DO > low limit were preconditions for the initialization of tendency control. Although the tendency variation values for DO were b4 = 0.98, b5 = 0.71, b6 = 0.39, b7 = 1.25, and b8 = 3.04 respectively, all of which were bigger than 0, the actuator acted only at 1570 and 1603 min. The tendency control algorithm also works well in the production phase of glutamate fermentation.
Performance during P. pastoris Fermentation
The time profile of cell concentrations and DO, as well as stirrer speed were depicted in Figure  7 . Heterologous protein production by fed-batch culture with P. pastoris is mainly divided into two phases: a growth phase to accumulate large amount of cells with glycerol as the carbon source, and an induction phase by feeding methanol for heterologous protein expression [12, 27] .
As P. pastoris is a slow-growing species, it requires a longer fermentation period during experimental set up. It has a comparatively longer DO time control period; therefore, the window size was set to 30 min. The results are shown in Figure 8 and Table 3 . As shown in Figure 6B , the stirrer speed was gradually decreased from 646 rpm at 1565 min to 625 rpm at 1609 min. As shown in Figure 4E , after crossing the maximum, the stirrer speed gradually decreased in the latter part of the fermentation process. This case may be due to decrease of oxygen requirements in the production phase. As seen in Figure 6 , the range of DO concentrations was fairly large. The actuator was frequently under action during manual control of DO; in contrast, the actuator was much less active when the tendency control method was used. From 1565 to 1609 min, the actuator acted only 2 times. Furthermore, b > 0.8 and all DO > low limit were preconditions for the initialization of tendency control. Although the tendency variation values for DO were b4 = 0.98, b5 = 0.71, b6 = 0.39, b7 = 1.25, and b8 = 3.04 respectively, all of which were bigger than 0, the actuator acted only at 1570 and 1603 min. The tendency control algorithm also works well in the production phase of glutamate fermentation.
The time profile of cell concentrations and DO, as well as stirrer speed were depicted in Figure 7 . Heterologous protein production by fed-batch culture with P. pastoris is mainly divided into two phases: a growth phase to accumulate large amount of cells with glycerol as the carbon source, and an induction phase by feeding methanol for heterologous protein expression [12, 27] .
7. Heterologous protein production by fed-batch culture with P. pastoris is mainly divided into two phases: a growth phase to accumulate large amount of cells with glycerol as the carbon source, and an induction phase by feeding methanol for heterologous protein expression [12, 27] .
As P. pastoris is a slow-growing species, it requires a longer fermentation period during experimental set up. It has a comparatively longer DO time control period; therefore, the window size was set to 30 min. The results are shown in Figure 8 and Table 3 . For the purpose of comparison, the results of the DO manual control experiments, which were carried out by step-wise manual increase or decrease in agitation, are also shown in these figures. Figure 8A depicts the pattern of changes in DO using DO-Stat ('traditional' or improved) during a 300 min period in the glycerol fed-batch phase.
DO-Stat control relies on the presence of continuous oscillations in DO levels to function; when glycerol levels are depleted, the cells are forced to use nitrogen sources for the maintenance of metabolic and respiratory activities, which causes the DO level to begin to rise. The sharp increase in the DO level functions as a feedback indicator and leads to subsequent glycerol feeding; after the glycerol is supplied, cells will prioritize the use of glycerol, which will lead to the rapid decrease of DO levels. If the same actions are performed repeatedly, then DO will oscillate continuously. The DO-Stat ('traditional' or improved) glycerol feeding strategies are initialized with the aid of control programmes.
As indicated in Figure 8B , the stirrer speed was increased from 600 rpm at 1220 min to approximately 800 rpm at 1509 min. As shown in Figure 8A , the range in the DO level was greater (10-95%). The actuator was also frequently under action during manual control of DO; in contrast, the actuator was much less active when the tendency control method was used. From 1220 to 1509 min, the actuator only acted two times. Although the actual values of DO were 9.9% at 1341 min and 9.8% at 1469 min, both of which were below the DO low limit of 10%, the average DO value was greater than 10%. Moreover, at 1469 min, the manual control failed to detect when the DO level fell below 10%, which produced a time delay of 6 min; during the DO tendency control experiments, all processes were initialized in a timely fashion. More importantly, the stirrer speed remained at an almost constant level after experiencing a sharp peak at approximately 1341-1348 min. For the aforementioned reasons, the automatic control of DO is necessary to conduct a fermentation process As P. pastoris is a slow-growing species, it requires a longer fermentation period during experimental set up. It has a comparatively longer DO time control period; therefore, the window size was set to 30 min. The results are shown in Figure 8 and Table 3 . Table 3 . Action times of actuator for different methods.
Different Methods
From 1220 to 1509 min
Manual control 99 times Tendency control 2 times
For the purpose of comparison, the results of the DO manual control experiments, which were carried out by step-wise manual increase or decrease in agitation, are also shown in these figures. Figure 8A depicts the pattern of changes in DO using DO-Stat ('traditional' or improved) during a 300 min period in the glycerol fed-batch phase.
DO-Stat control relies on the presence of continuous oscillations in DO levels to function; when glycerol levels are depleted, the cells are forced to use nitrogen sources for the maintenance of metabolic and respiratory activities, which causes the DO level to begin to rise. The sharp increase in the DO level functions as a feedback indicator and leads to subsequent glycerol feeding; after the glycerol is supplied, cells will prioritize the use of glycerol, which will lead to the rapid decrease of DO levels. If the same actions are performed repeatedly, then DO will oscillate continuously. The DO-Stat ('traditional' or improved) glycerol feeding strategies are initialized with the aid of control programmes. 
Conclusions
In this work, we have proposed a new algorithm for use in controlling DO during fermentation. Since the activity of microorganisms is easily affected by fluctuations in environmental conditions, automatic control is essential to conduct a fermentation process efficiently. This approach is demonstrated using cultures of C. glutamicum and recombinant P. pastoris, but can easily be adapted for use with other fermentation processes. The experimental results clearly show that it can maintain the DO level above a predetermined value and can also reduce the frequency of activity of the controller as well as the manpower burden.
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